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Abstract  
Local laser doping (LLD) and laser fired-contacts (LFC) are among the most promising techniques based on laser 
tools to be industrially applied in high efficiency crystalline silicon (c-Si) solar cells production. Here we present a 
comprehensive parameterization of LLD and LFC processes using commercial ns laser sources. The best process 
conditions are assessed both analysing the morphology and the electrical characteristics of the irradiated test samples. 
Values for the normalized LFC resistance far below 1.0 m cm2 have been obtained. For LLD experiments we found 
irradiation conditions giving excellent diode behaviour, with  ideality factors below 1.5.  
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1. Introduction 
The great efforts put last years by research institutes and photovoltaic companies into searching 
customized solutions for the industrial production of high efficiency c-Si solar cells, have found in laser 
technology the ideal partner for this task. Although laser machinery has been an important tool in 
photovoltaic (PV) production lines during years, mainly for edge isolation and wafer cutting and marking, 
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nowadays there is an increasing number of laser processes partially adopted or in pilot line [1] closely 
linked to recent developments in high efficiency concepts for c-Si technologies. Most of these new laser 
based concepts are intended to reduce the thermal load in the device, to increase the passivation at some 
of the interfaces or to improve the contact quality in the production of ohmic contacts in the solar cell. 
Among these laser processes, two concepts in particular have attracted a considerable interest: local laser 
doping and laser-fired contacts [2,3].  
Concerning LLD, last years this process has appeared as a real industrial alternative to conventional 
furnace diffusion (an expensive and time-consuming process [4]) to generate the emitter in the device. For 
example, the n+ emitter can be formed along the entire cell area by scanning it with a laser beam and 
using a spin-on dopant as a doping source [5,6]. Nevertheless the most common approach consists of 
using the phosphosilicate glass grown on c-Si surface during the soft conventional diffusion as a dopant 
source for the selective emitter creation. In this work, to assess the influence of laser parameters on LLD 
processes we have created n+ regions into p-type c-Si wafers, using a dry LLD approach to define 
punctual emitters. In order to study the electrical behavior of the local diffusions, we obtained the dark 
current density–voltage (J-V) characteristics. 
In the LFC process, a laser beam fires a metallic layer through a dielectric passivation layer into the 
silicon wafer to form the electrical contact with the silicon bulk. This laser technique is an interesting 
alternative for the fabrication of both laboratory and industrial scale high efficiency passivated emitter 
and rear cell (PERC) c-Si solar cells. From an electrical point of view, another advantage is the possibility 
to create doped regions under the contacts obtaining low specific contact resistances independently of the 
substrate resistivity. Additionally, LFC can be combined with many different rear-passivating dielectrics. 
In this paper, we choose the best laser parameters to optimize the contact resistance through different 
dielectric films with passivating properties [7,8]. In order to parameterize the LFC processes the study 
includes the influence of different passivation layers and the assessment of the process quality through 
electrical resistance measurements of an aluminium single LFC point for the different wavelengths.  
2. Experimental 
2.1. Sample preparation 
The samples for LLD were prepared onto 280 m-thick 0.45 cm resistivity p-type single side 
polished Float Zone (FZ) c-Si wafers. Then phosphorus doped a-SiCx:H films were deposited with a 
Plasma Enhanced Chemical Vapor Deposition  (PECVD) reactor (Electrorava, 13.56 MHz) and consisted 
of a stack of two films. The first and inner one is a silicon-rich film with a refractive index of about 3.7 
that passivates the c-Si surface, while the second and outer one is a transparent film with refractive index 
of 2.1 and 80 nm thickness designed to work as anti-reflection coating. The total thickness of the 
deposited film was about 90 nm. In order to evaluate the electrical behavior of the local diffusions, 
matrixes of 13×14 laser spots were carried out on the samples with different laser parameters. The 
geometrical distribution was hexagonal with a first neighbor distance or pitch of 300 m leading to 
matrixes of 0.18 cm2 area. Each matrix was coated with a 0.25 cm2 metal contact (Ti/Ag layer) to extract 
electrical current. 
 
To characterize the LFC process we prepared samples on the same substrate described above. On these 
substrates three different dielectric layers were deposited: thermally grown silicon oxide (SiO2, 110 nm), 
silicon carbide (a-SiCx/H(n), 80 nm) and  aluminum oxide (Al2O3, 50 nm). Al2O3 films were deposited by 
Atomic Layer Deposition technique (Savannah S-300 Cambridge NanoTech) and a commercial PECVD 
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reactor (Electrorava, 13.56 MHz) was used to deposit the a-SiCx/H(n). All material depositions were 
carried out only on the front surface of the wafers. All samples were finished with a 2 m thick aluminum 
layer deposited by sputtering on both faces. A forming gas anneal (425 ºC, 15 min) was performed to 
ensure good ohmic rear contact. Then, isolated regions of aluminum (5 mm x 5 mm area) were defined by 
standard photolithography at the front side ready to be laser processed with different parameters. 
 
 
Fig. 1.  (a) structure of the samples for LD studies; (b) image of the generated LD matrixes with hexagonal geometry 
2.2. Lasers sources and optical set-up 
In this work we have used three different fully commercial ns laser sources emitting in the first three 
harmonics (see please Table 1). The optical set-up for all 355 nm and 532 nm includes a digital scanner 
(HurryScan II 14, SCANLAB) with a lens of 250 mm focal length and a working area of 150 mm x 150 
mm. All the experiments in that case were done at 20 kHz due to stability criteria of the laser sources 
used. To maintain the best performance in source stability, pulse energy is controlled with an external 
energy attenuator. The optical set-up for the Rofin IR laser is basically the same of that use at 532 nm and 
355 nm but without an external attenuator, so in that case the pulse energy (LFC experiments were done 
at 4 kHz and LD experiments at 8 kHz) is directly controlled adjusting the current in the pumping system. 
It is necessary to point out that the pulse duration for the IR source was considerable larger (100-400 ns) 
and this must be taken into account in the comparison of the results. 
Table 1. Characteristics of the laser sources used in this study 
Laser Source Wavelength Pulse width Rep. Rate Spot size (∅) Mode 
StarMark SMP 100 II Rofin  
1064 nm 
1064 nm 
100 ns (LD) 
400 ns (LFC) 
8 kHz 
4 kHz 
80 μm 
80 μm 
TEM00 
TEM00 
Spectra-Physics X15SC (2ω) 532 nm 15 ns 20 kHz 25 μm TEM00 
Spectra-Physics Hippo 355 nm 12 ns 20 kHz 25 μm TEM00 
 
The optical spot sizes in Table 1 are theoretical estimations. For calculations of fluence we will use 
values obtained using the Liu’s method [9, 10] (based in the variation of the spot diameter with peak 
fluence) that provides, as a consequence of the spot size determination, additional information about the 
300 m 
80 nm (antireflection)
10 nm (passivating)
laser-doping
phosphorous diffusion
(selective emitter)
a-SiC:H (n+) film (C-rich)
a-SiC:H (n+) film (Si-rich)
p-type c-Si wafer
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damage threshold of the samples, a parameter that will be of interest in the following discussion of the 
results.  
2.3. Characterization 
In order to assess the quality of the LFC process electrical measurements were performed to determine 
the resistance of only one contact, RLFC. Full details of this technique can be found in previous works of 
the authors [11] but basically the resistance of a LFC contact RLFC can be calculated as the sum of two 
terms: the spreading resistance (Rsp), and the laser-fired contact resistance (Rc): 
  (1) 
where b is the resistivity of the wafer, r is the radius of the crater and c the specific contact resistance 
of the laser fired contact. In this calculation, the contact resistance of the ohmic contact created by Al 
onto c-Si substrate at the rear surface of the device is considered negligible in front of the other two 
terms. We can normalize the LFC resistance RLFC considering the spot area by means of the specific LFC 
resistance rLFC whose units are cm2 : 
  (2) 
Thus in order to evaluate the quality of the laser processes to create a LFC, c is considered as a figure 
of merit being the lowest value the best. Combining equations (1) and (2), the specific contact resistance 
was calculated using the following expression: 
  (3) 
In order to study the electrical behavior of the local diffusions, LLD processes, we obtained the dark 
current density–voltage (J-V) characteristics. The measurements were performed at 25 ºC using an 
Agilent 4156C parameter analyzer. In all cases, current density was calculated dividing the measured 
current by the matrix area. 
Finally we did the morphological characterization using scanning electron microscopy (SEM) and 
confocal microscopy. The confocal microscope (Leica DCM3D) was used as well for all the 
measurements involved in the Liu’s method for spot measurements and damage threshold determination.  
3. Results 
3.1. LLD experiments 
In the case of laser local doping experiments we assess the influence of laser fluence, number of pulses 
and wavelength on the quality of the generated diode. As an example Fig. 2 (left) shows the influence of 
laser fluence on the emitter quality for 532 nm. If the energy is below the optimum value the diode 
behavior is not valid, but if we increased the energy over this optimum we spoiled the electrical response 
RLFC = Rsp + Rc =
ρb
4r
+
ρc
π r 2
rLFC = RLFC × π r
2
ρc = rLFC −
π rρb
4
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of the device, being the parametric window a narrow range of laser fluences. It is relevant that the best 
electrical behavior correspond to a fluence of 0.8 J/ cm2 that is approximately the damage threshold of the 
material calculated according to Liu’s method (Fig. 2). This indicates that is critical, in order to avoid the 
damage of the material and the subsequent spoiling of the diode behavior, to work with fluence values 
around the damage threshold of the considered structure.  
 
 
Fig. 2.  (a) J-V curves at different fluences at 532 nm; (b) SEM images of generated craters at different fluences at 532 nm 
(bottom). Fluence threshold graphic according to Liu’s method. Liu’s method is based on the relationship that can be 
derived between the diameter at different fluences , D, of an ablated crater and the damage threshold fluence of the material 
( th), obtaining additionally the Gaussian beam radius, w0 (1/e2) 
Other laser parameters analyzed were wavelength and number of pulses per point (in all cases we need 
more than one pulse to obtain the best diode response). Fig. 3 (left) shows the measured J-V characteristic 
in the best conditions found at all the wavelengths of interest, showing that with an appropriate 
parameterization good rectifying behavior can be obtained in IR, VIS and UV. The best curves at all 
wavelengths show a clear exponential behavior at mid injection. In fact in all cases, studying the behavior 
of these curves with the temperature, we found ideality factors below 1.5.  However, and depending of the 
wavelength, different number of pulses per point, with energy close to the damage threshold, must be 
used to obtain the best results. In the case of 355 nm optimum results were obtained using only two pulses 
per point. 
 
To asses the potential use of this emitters in final device (Fig. 3), we could assume a typical 
photogenerated current in the hypothetic device of 30 mA/cm2 and applying the superposition principle 
the open circuit voltage (Voc) can be obtained from the voltage where the measured dark current equals 
the photogenerated current. Values between 645 mV (532 nm) and 671 mV (355 nm) have been found in 
the best irradiation conditions. These values together with the low ideality factor values that positively 
impacts on Fill Factor demonstrate that these n+ emitters are compatible with the concept of high 
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efficiency solar cells. The results clearly show that UV gives the best results with the minimum number 
of pulses per point (N=2). However in all cases it is necessary to use laser fluence values close to the 
damage threshold of the material. 
 
Fig. 3.  (a) optimum J-V obtained for the three wavelengths, N indicates the number of pulses per point and Φ represents the laser 
fluence; (b) influence of the number of pulses for a given wavelength at optimum fluence. If we increased the number of 
pulses per point a clear degradation of the diode is observed, probably related with the excessive ablation of the doped 
volume 
3.2. LFC experiments 
In this case we have studied the influence of the passivating material on the contact resistance and the 
best conditions concerning laser parameters to get the best electrical performance. Concerning the 
material, a first analysis indicates that Al2O3 gives very low specific contact resistance values in a wide 
parametric window (Fig. 4, left, shows the results for the different materials considered irradiated at 532 
nm with different fluences). On the other hand for silicon carbide and silicon oxide, even with the 
possibility of obtaining good contact resistance, the parametric window is by far narrower than in the case 
of aluminum oxide. An analysis of the influence of the number of pulses per point (Fig. 4, right) 
irradiating at 532 nm shows that N=2 pulse per point lead to the best results in any material (with only 
one pulse per pint we didn’t rech the contact conditions). In order to complete the study we analyzed the 
geometry of the generated craters. In all cases the penetration obtained for the best electrical values was 
around five microns, thus indicating that a very similar silicon volume must be melted to produce the 
optimal alloy with the aluminum and the subsequent ohmic contact (Fig. 4 right).  
Finally we studied the influence of the wavelength and for all the materials we found the best results at 
532 nm and 355 nm. For Al2O3 outstanding values of ρc < 0.3 m cm2 irradiating at 355 nm and 532 nm 
were found, however in IR (1064 nm) the specific contact resistance is an order of magnitude higher. For 
SiO2 and a-SiCx/H the results are similar, with ρc < 1 m cm2 at shorter wavelengths (UV and VIS) and 
considerable higher values for IR (1064 nm) irradiation 
This study was completed with and EDX characterization of the aluminum content in different parts of 
the generated crater, (see please Fig. 5). In order to compare the measurements at all wavelengths we use 
the Spectra X15 laser without harmonic the generator in to create a crater at 1064 nm of similar 
dimensions of those obtained at 532 nm and 355 nm, the specific contact resistance of this crater was in 
the order of magnitude of the values obtained with the Rofin laser (only slightly worse from the electrical 
point of view but completely valid for the following discussion). EDX measurements show that best 
-0.2 0.0 0.2 0.4 0.6 0.8 1.0
10-5
10-4
10-3
10-2
10-1
100
101  N=30
 N=15
 N=5
 N=2
C
ur
re
nt
 D
en
si
ty
 J,
 (m
A
/c
m
2 )
Voltage (V)
 
λ=532 nm
20 kHz
Φ
ΤΗ
=0.8 J/cm2
-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
10-5
10-4
10-3
10-2
10-1
100
C
ur
re
nt
 D
en
si
ty
 J,
 (A
/c
m
2 )
Voltage (V)
 λ=355 nm; N=2 pulses
 λ=532 nm; N=5 pulses
 λ=1064 nm; N= 9 pulses
 
 C. Molpeceres et al. /  Physics Procedia  39 ( 2012 )  693 – 701 699
 
electrical results correspond to a higher presence of aluminum inside the crater, that is, the alloyed region 
contains more aluminum atoms thus leading to a decrease of the specific contact resistance. This would 
explain the outstanding electrical behavior of the contacts at shorter wavelengths. However we think that, 
even with similar electrical behavior for 532 nm and 355 nm, the shortest wavelength is preferable, 
because it induces less thermal affected zone, in particular in the passivating material, and 
correspondingly a better preservation of the device passivation (recent results of this group obtained in 
final devices with efficiencies over 19.5 %, that will be published elsewhere, corroborate this hypothesis). 
Fig. 4.  (a) specific contact resistance vs laser fluence for the different materials studied (λ = 532 nm); (b) specific contact 
resistance vs laser fluence for different number of pulses per point (SiO2, λ = 532 nm) 
 
Fig. 5.  (a) profiles of the generated craters in LFC experiments; (b) SEM images of the surface morphology (center); (c) EDX 
measurements of aluminum content in different parts of the contact 
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4. Conclusions 
A comprehensive parameterization of local laser doping (LLD) and laser-fired contact (LFC) 
formation in solar cell structures has been presented. Through the morphological and electrical 
characterization of specifically designed test samples we have determined that, with an appropriate 
parameterization, excellent conditions for LFC and LLD can be achieved with fully commercial laser 
sources. For LFC processes we obtained outstanding values for the specific contact resistance (< 1.0 
m cm2). In the case of LD processes we focused our work in an approach (dry doping + punctual 
selective emitter) that is ideally suited to study the effect of laser parameter on the resulting emitter. We 
found irradiation conditions giving excellent diode behavior that are fully compatible with high efficiency 
solar cells concepts. 
 
It is necessary to remark that the study demonstrate that shorter wavelengths lead to the best electrical 
behavior, specially UV laser light (355 nm) appears as the best option to be used for LLD and LFC 
processing due to the fact that it guarantees excellent electrical behavior of the emitters and fired contacts, 
and avoids an excessive thermal damaged in the material that would lead, unavoidable, to a decreasing in 
its performance in operation. 
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